The rapid extension of solid state lighting technologies offers the possibility to develop broadband nearinfrared (NIR) phosphor-converted LEDs (pc-LEDs) as novel NIR light sources. In this paper, a new NIRemitting phosphor ScBO 3 :Cr 3+ was synthesized by a high temperature solid state reaction method.
Introduction
Since the rst demonstration of high-brightness blue LEDs and subsequently white pc-LEDs, 1,2 solid state lighting technologies have developed greatly and brought about a revolution in lighting and display industries. White LEDs are emerging as novel lighting sources to replace traditional incandescent and uorescent lamps in numerous elds, due to their superior advantages including high luminous efficiency, environment friendliness, long lifetime, compactness and good reliability. The widely used method for producing white LED devices is the combination of a blue LED chip and certain phosphor materials with appropriate emission wavelengths. These white pc-LEDs possess simple device structure and low manufacturing cost. Besides white LEDs, the rapid developments of solid state lighting technologies also will provide a promising solution to construct broadband NIR light sources, taking advantage of the phosphor-converted LED technique.
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NIR light sources can be widely applied in a variety of elds, such as optical communication, biomedical imaging, spectroscopy, food detection, security surveillance and face (or iris) recognition. [8] [9] [10] [11] [12] Incandescent bulbs, halogen lamps and AlGaAsbased LEDs are normally used as NIR light sources, however, to some extent suffering from various weaknesses. Incandescent bulbs and halogen lamps can provide continuous light emissions covering from visible to infrared ranges. However, their practical applications are limited by some drawbacks, such as large sizes, short lifetimes, low luminescent efficiency and high working temperature. 6 In contrast, the NIR semiconductor LEDs possess small sizes, long lifetimes and high energyconversion efficiency. Unfortunately, the LEDs normally show narrow emission bands with the largest full width at half maximum (FWHM) of $40 nm, 5, 7 which are inappropriate for most spectroscopic applications. A possible solution to overcome the limitations of current NIR light sources is to design the NIR-emitting pc-LEDs, which are composed of wellestablished InGaN blue LED chips and NIR-emitting phosphors. The NIR pc-LEDs can benet from the outstanding merits of the blue-emitting InGaAl LED chips, such as relatively higher thermal stability, continuously increased luminous efficiency and decreased manufacturing cost. Since the invention of high-brightness blue LEDs in the mid 1990s, 1,2 steady improvements have been achieved for InGaN-based blue LEDs. According to Haitz's law, the light output per LED package increases by a factor of twenty every decade, and the cost per lumen falls by a factor of ten. 13 On the other hand, broadband and wavelength-tunable emissions can be expected for NIR pcLEDs through the rational selection of emitting ions and host materials of NIR-emitting phosphors. Moreover, the continuous emission spectra will be achieved by the appropriate combination between various types of phosphor materials that possess various emission wavelengths upon excitation by the blue light.
To design NIR-emitting phosphors excited by the blue light, the emitting ions should be rst of all chosen reasonably. The utilization of 4f-4f transitions of trivalent lanthanide ions is hampered by their spectrally narrow and low intensity absorption.
3,4 For divalent or trivalent lanthanide ions (e.g., Eu 2+ and Ce
3+
) featuring 4f-5d optical transitions, it is difficult to achieve the light emissions in the NIR spectral range due to the large energy separation between 4f and 5d levels. Recently, Bi-doped crystals and glasses have attracted intense attention due to their super broadband emissions from visible to NIR. [14] [15] [16] However, the luminescent behaviour of Bi-active centre has not been well understood, and it is still a big challenge to improve its NIR emission efficiency.
6 Transition metal ions with incomplete 3d shells (3d n , n < 10) have a number of low-lying energy states, between which radiative transitions in the NIR spectral region may occur. Moreover, because they are strongly coupled to the coordination ligands in hosts, optical transitions of transition metal ions are signicantly affected by the crystal eld symmetry and strength. In general, transition metal ions show relatively strong and broad excitation bands, as well as wavelength-tunable broadband emissions. Subsequently, the powder mixture was transferred into an alumina crucible and calcined in a muffle furnace at 1300 C for 10 h. Finally, the as-prepared products were naturally cooled down to room temperature and ground to ne powders for subsequent characterization.
Phosphor characterization
The phase structure of phosphors was identied by powder Xray diffraction (XRD) measurements on a D8 Discover diffractometer (Bruker) with Cu Ka radiation (l ¼ 1.5406Å). Rietveld structure renements were conducted using the general structure analysis system (GSAS) program. 26 The particle morphology was observed on a Sirion eld-emission scanning electron microscope (FE-SEM, FEI). Diffuse reection spectrum measurements were performed on a Cary 5000 UV-vis-NIR spectrophotometer (Varian) equipped with an internal diffuse reectance accessory. The PL excitation spectra were measured on an F-7000 uorescence spectrophotometer (Hitachi). The PL emission spectra were obtained on a Maya2000 portable spectrometer (Ocean Optics) using a blue LED (l em ¼ 450 nm) as the excitation source. Temperature-dependent C) emission spectra were measured with the assistance of a selfdesigned heating system. The luminescent decay curves were measured by a FluoroMax-4 uorescence spectrometer (Horiba Jobin Yvon). The quantum yield (QY) was measured by an integrating sphere equipped with a Maya2000 spectrometer and a blue LED, and the spectrometer was carefully calibrated by a standard tungsten lamp. The quantum yield is dened as the percentage of the number of emitted photons to that of absorbed photons, which can be calculated using the following equation:
where h is the quantum yield, L sample is the integrated emission intensity of the sample, whereas E reference and E sample represent the integrated intensities of the excitation light with and without the sample in the integrating sphere, respectively.
NIR pc-LED fabrication and performance measurement NIR pc-LEDs were fabricated by applying a mixture of ScBO 3 :-Cr 3+ phosphors and transparent silicon resin on an InGaN blue LED chip (l em ¼ 455 nm). Photographs of the lighted pc-LED were taken by a cellphone's camera (Samsung S7), which used a Si-based photodetector covering the spectral range up to $1100 nm. When taking the picture, an 800 nm long-pass lter was used to remove all the visible light. For electroluminescence (EL) measurements, the packaged LED device was operated at a DC forward bias of $3.0 V with various injection currents, and the EL spectral distribution was recorded using an integrating sphere and a corrected Maya2000 spectrometer. The NIR light output power of the pc-LED was measured by a FieldMate light power meter (Coherent) equipped a PM10 thermopile sensor, where a 600 nm long-pass lter was used to remove the residual blue light from the LED chip. The energy conversion efficiency was dened as the ratio of the NIR light output power to the input electrical power.
Results and discussion

Structural analysis
Rietveld structure renements of as-prepared ScBO 3 (Fig. 3b) , indicative of the decrease of lattice interplanar spacing due to the smaller ionic radius of Cr 3+ . The SEM image (Fig. 3c) shows that the obtained ScBO 3 :Cr 3+ phosphor is mainly composed of a large number of spherical particles with an average size of 1-3 mm, except that a few large-sized particles (>5 mm) are also observed.
Spectroscopic properties
When Cr 3+ (3d 3 ) ions occupy lattice sites with octahedral coordination, their energy level distribution can be illustrated by Tanabe-Sugano diagram (Fig. 4a) . 30 (Fig. 4b) . Fig. 5a shows the diffuse reection spectra of ScBO 3 (Fig. 4b), respectively. With the increase of Cr 3+ contents, a continuous enhancement in absorptivity can be found. Fig. 5b represents the excitation and emission spectra of ScBO 3 :0.02Cr 3+ phosphors. Upon excitation at 450 nm, the PL spectrum displays a broad emission band extending from 700 to 950 nm, with a maximum at $800 nm and a FWHM value of $120 nm. The broad emission band should be attributed to the spin-allowed ions in a weak crystal field, e.g. in the ScBO 3 host.
T 2 /
4 A 2 transition of Cr 3+ ions (Fig. 4b) . The excitation spectrum monitored at $800 nm is composed of two excitation bands at $460 and 645 nm, which is consistent with the diffuse reection spectra of ScBO 3 :Cr 3+ phosphors.
For pc-LED applications, the quantum yield (QY) of the phosphors is an important factor that should be considered. The quantitative excitation proles and emission spectra of the ScBO 3 :0.02Cr 3+ phosphor and the reference sample were recorded upon excitation at $450 nm using an integrating sphere (Fig. S1 †) . According to eqn (1) parabolas is approximately ignored (Fig. 4b) . The values of Dq and B are calculated to be $1400 and 651 cm
À1
, respectively.
The Dq/B value is about 2.15, which is lower than 2.3, indicating that Cr 3+ ions occupy lattice sites in ScBO 3 with lower crystal eld strength (Fig. 4a) concentration results in the decrease of the emission intensity due to the concentration quenching effect (Fig. 6b) . Nonradiative energy migration among luminescence centres can occur via exchange interaction or multipole-multipole interaction. In this case, the critical energy transfer distance (R c ) can be approximately estimated by the following equation proposed by Blasse:
where V is the unit cell volume, x c is the critical activator concentration and N is the number of the total activator sites per unit cell. For ScBO 3 :0.02Cr 3+ , V ¼ 298.03Å
3 , x c ¼ 0.02, N ¼ 6, and therefore the R c value is determined to be $16.8Å. The exchange interaction is a short-range effect and usually takes effect only when the distance between activators is shorter than 5Å. Therefore, nonradiative electric multipolar interaction is the preferred energy transfer mechanism between Cr 3+ ions in ScBO 3 . In this case, the luminescent intensity per activator can be expressed by the following equation:
where I is the PL intensity, k and b are constants depending on the interaction type and the host lattice, and x represents the Cr 3+ doping concentration. According to the research work of Van Uitert, 34 q ¼ 3 corresponds to the energy transfer among the nearest-neighbor ions, whereas q ¼ 6, 8, and 10 correspond to the dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole interactions, respectively. As shown in Fig. 6c , the correlation between log(I/x) and log(x) can be tted linearly and the slope (q/3) is determined to be À1.06. The calculated q value is close to 3, implying that the quenching tends to be proportional to the activator concentration and the concentration quenching mechanism of ScBO 3 :xCr 3+ phosphors can be attributed to the nonradiative energy transfer among the nearest-neighbor ions.
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Fig . 7 shows the luminescent decay curves of ScBO 3 :xCr 3+ phosphors with various x values. All the decay curves can be well tted by a single exponential function (Fig. S3 †) 
Temperature-dependent PL properties
Luminescent thermal stability is another important factor of the phosphors for pc-LED applications. It is well known that the emission intensity of luminescent materials usually decreases in different degrees at elevated temperatures due to increased nonradiative transitions. The working temperature of LED devices can be higher than 100 C, 37 and therefore the phosphor materials should maintain their luminescent intensity at higher temperatures for pc-LED applications. Fig. 8a (Fig. 4b) . The increased thermal quenching of ScBO 3 :Cr 3+ is probably related to the narrow energy gap between 4 T 2 and 4 A 2 levels, as well as the larger Stokes shi of the phosphor.
The temperature-dependence of the emission intensity can be described by a modied Arrhenius equation:
where I 0 is the initial intensity, I(T) is the intensity at a given temperature, A is a constant, k is the Boltzmann constant and E a is the activation energy for the thermal quenching. . Bight NIR emission could be photographed by a cellphone's camera aer the visible light was removed by an 800 nm long-pass lter. Fig. 9a shows a downshi on the emission that called here electroluminescence (EL) spectrum, even if the is no direct electron-excitation of the as-fabricated pc-LED at various drive currents. The blue emission band at $455 nm comes from the LED chip and the broad emission band between 700-950 nm is attributed to ScBO 3 :Cr 3+ phosphors. With the increase in the drive current at a forward bias of $3 V, no obvious changes in the EL prole can be found, except for the continuous increase of the luminescence intensity. Fig. 9b represents the dependences of the NIR light output on the injection current of the pc-LED device. A continuous increase in the NIR light output power is found with increasing the injection current. A maximum output power of $26 mW is achieved at a drive current of 120 mA. The energy conversion efficiency is calculated to be approximately 7%, much larger than the reported values of NIR pc-LEDs based on trivalent lanthanide doped glass phosphors. 3, 4 Noting that the energy conversion efficiency of the LED chip used here is about 20% and the blue light from the LED chip still remains for the NIR pc-LED device. The energy conversion efficiency can be further improved by engineering the package structure and utilizing more efficient blue LED chips. These results demonstrate the great potential of ScBO 3 :Cr 3+ phosphors as an alternative NIR component for applications in broadband NIR pc-LEDs. 
Conclusions
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